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Abstract: GW2 is an important gene that regulates grain width and weight. We used cDNA clone to 
obtain the sequences of GW2 from large- and small-grained rice varieties, TD70 and Kasalath, 
respectively. Then, we developed a dCAPS (derived cleaved amplified polymorphic sequence) marker on 
the basis of the sequence difference between functional and nonfunctional GW2 genes to analyze the 
genotypes and phenotypes of recombinant inbred lines. Results showed that the sequence of GW2TD70 
had a single nucleotide deletion at site 316 that generates a termination codon. This codon terminated the 
GW2 protein in advance. By contrast, the sequence of GW2Kasalath encoded an intact protein. A novel 
dCAPS marker was designed in accordance with a base A deletion at site 316 of the sequence. After the 
PCR product was digested by ApoI, TD70 showed 21 and 30 bp fragments, and Kasalath showed a 51 bp 
fragment. Up to 82 lines contained GW2TD70, and 158 lines contained GW2Kasalath. The lines that contained 
TD70 alleles displayed substantial increases in width and 1000-grain weight. This result suggested that 
GW2 played a critical role in rice breeding. 
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Rice is an important crop worldwide. Over the past 
half century, the yield of rice was doubled in most 
areas (Xing and Zhang, 2010). Rice yield is 
principally determined by panicle number, grain 
number per panicle, and grain weight. Grain weight 
depends on grain length, width and thickness. Grain 
size is closely related to the yield and quality of rice 
(Xu et al, 2004). Therefore, elucidating the genetic 
and developmental mechanisms of grain size is 
significant for high-yield breeding (Huang et al, 2013; 
Zuo and Li, 2014).  
Numerous scholars have constructed high-density 
genetic linkage maps (Kurata et al, 1994; McCouch et al, 
1988, 2002) by using molecular markers, such as 
restriction fragment length polymorphism and simple 
sequence repeat. Many genes and quantitative trait loci 
(QTLs) that control grain shape have been mapped to 
12 chromosomes of rice (Gao et al, 2011), but only a 
few of these genes and QTLs have been cloned or fine 
mapped. To date, only GS5 (Li et al, 2011), GS3 (Fan 
et al, 2006; Mao et al, 2010), GW2 (Song et al, 2007), 
GW5 (Weng et al, 2008), qSW5 (Shomura et al, 2008), 
qGL3 (Zhang et al, 2012), GW8 (Wang et al, 2012) 
and TGW6 (Ishimaru et al, 2013; Wang et al, 2014) 
have been cloned.  
GW2 is a major gene that controls grain width and 
weight (Song et al, 2007). This gene is cloned from 
the BC3F2 population derived from a cross of two 
parents (large-grained japonica variety WY3 and 
small-grained indica variety FAZ1). Sequence analysis 
indicates that a base deletion exists in the 4th exon of 
the GW2 allele in WY3. This deletion results in the 
loss of 310 amino acid (AA) residues and premature 
termination of proteins. GW2 encodes a novel 
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RING-type E3 ubiquitin ligase that negatively 
regulates cell division through anchoring its substrate 
on a proteasome for degradation. The deletion of AAs 
in the large-grained rice variety disables GW2 from 
binding with its substrate and controlling 
ubiquitin-mediated protein degradation. As a result, 
the number of cells is increased, and they divide in the 
floret lemma. Then, the grain weight increases with 
respect to the positively regulated grain width of the 
floret lemma.  
This study used a novel large-grained japonica 
variety TD70 and a small-grained indica variety 
Kasalath as the materials (Zhang et al, 2013). On the 
basis of the published sequence of GW2, these two 
varieties were cloned and analyzed by homology 
cloning. Subsequently, a functional marker of GW2 was 
designed to analyze the phenotypes and genotypes of 
240 recombinant inbred lines (RILs). This work 
determined whether or not the premature termination 
of the GW2-encoded protein resulted in the large grain 
size of TD70 as observed in WY3. This study may be 
served as a theoretical basis for applying the GW2 of 
TD70 in the molecular technique assisted breeding of 
rice.  
MATERIALS AND METHODS 
Rice materials 
Japonica variety TD70 [an extra-large grain derived 
from Tianegu///9520//(72-496/Yu-nuo)], indica variety 
Kasalath (a small grain), and a RIL population 
consisting of 240 lines derived from the cross of these 
two varieties were used as materials (Dong et al, 2012; 
Zhang et al, 2013).  
Phenotype investigation 
Grain length, width, thickness and 1000-grain weight 
were measured. The single grain length, width and 
thickness were measured using a Vernier caliper (to 
0.01 mm). The mean value of each trait was regarded 
as the phenotypic value, which was determined by 
five randomly selected full grains per plant from five 
plants of each line. Harvested grains were sun-dried 
and then stored for more than 30 d to maintain a water 
content of approximately 14%. The total weight of 
100 grains from each plant was measured and 
converted to its 1000-grain weight by using an 
electronic balance (to 1/10 000 g). The final 1000-grain 
weight of each line was determined by the mean value 
of five plants each line. 
Plant total RNA isolation and cDNA synthesis 
The total RNA of 0.1 g mixture of leaves from 
water-cultivated rice seedlings, roots and seeds was 
isolated in accordance with the standard procedure 
provided by OMEGA’s Plant RNA Kit (Omega 
Bio-Tek Inc, USA). After treatment with DNase I, the 
quality of RNA was detected by gel electrophoresis 
and spectrophotometry. First-strand cDNA was 
synthesized from these detected RNA by a RevertAid 
First-Strand cDNA synthesis kit (Fermentas, USA) 
and recycled by a gel extraction kit (AXYGEN, USA).  
GW2 gene cloning  
Reverse transcripted cDNA was used as template to 
amplify GW2 by PCR. The thermal profile was as 
follows: 30 cycles of 98 °C for 30 s, 54 °C for 30 s, 
and 72 °C for 2 min. 
PCR product purification and clone screening  
The PCR product was analyzed by 1% agarose gel 
electrophoresis and then purified. The product was 
cloned into the pGEM-T vector then transformed into 
E. coli strain DH5α by heat shock. The blue/white 
screening method was performed to select positive 
clones, which were further confirmed by PCR. The 
thermal profile was as follows: 94 °C for 5 min, 30 
cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C 
for 1 min, followed by a final extension at 72 °C for 5 
min. Approximately 10 replicates were purified and 
sequenced.  
Bioinformatics analysis about GW2 sequence 
NCBI blast website (http://www.ncbi.nlm.nih.gov) 
was used to seek for similar sequences, and 
DNAMAN software was performed to predict the 
open reading frame of this gene. The number and 
composition of AAs, relative molecular weight of 
proteins, theoretical isoelectric point, and functional 
locations were analyzed by ExPASy ProtParam 
(http://www.expasy.org). Moreover, protein domains 
were predicted by EMBL-EBI (http://www.ebi.ac.uk). 
RESULTS  
Full-length cloning and sequence analysis of GW2  
The following primers were designed on the basis of 
the published GW2 sequence (GenBank accession: 
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EF447275): forward, 5′-ATGGGGAACAGGATAGG 
GGGGAG-3′; reverse, 5′-CTACAACCATGCCAACC 
CTTGCGAG-3′. This pair of primer was verified to 
be specific by NCBI primer blast. The primer 
amplified a fragment of 1 277 bp and 1 278 bp in 
TD70 and Kasalath (Fig. 1), respectively. Both of these 
fragments were highly homologous to the known 
GW2 gene. A T-to-C substitution occurred at the 114th 
position, which did not change the properties of the 
AAs. However, an A-deletion at the 316th position 
changed the AAs after the said position and caused a 
premature termination of the GW2-encoded protein at 
the 346th position. This result indicated that the GW2 
in TD70 only encoded a 115 AA protein. By contrast, 
a whole-length GW2 protein of 424 AAs was expressed 
in Kasalath with 99.92% similarity to published sequence.  
Protein sequence analysis and physiochemical 
property prediction of GW2 
The formula of the GW2-encoded protein in TD70 
was determined by the ProtParam software as 
C570H914N160O161S13 with 13 kD molecular weight. Its 
theoretical isoelectric point was 8.75 containing 12 
negative AA residues (Asp + Glu) and 17 positive AA 
residues (Arg + Lys). The stability index II of this 
protein was 54.46; thus, it was deemed unstable. 
Meanwhile, the formula of the GW2-encoded protein 
in Kasalath was determined as C2024H3154N584O647S43, 
which was also deemed unstable with a stability index 
II of 72.71. This protein possessed a molecular weight 
of 47 kD and a theoretical isoelectric point of 5.32 
because of 59 negative AA residues and 45 positive 
Fig. 1. Sequences of the cloned GW2 cDNA in TD70 and its deduced amino acid sequences. 
The gray shadow indicates predicted open reading frame; The position of arrows points to one base deletion. 
ATGGGGAACAGGATAGGGGGGAGGAGGAAGGCGGGGGTGGAGGAGAGGTACACGAGG 
M  G   N   R   I   G   G   R   R   K   A  G   V   E   E   R   Y   T   R 
CCGCAGGGGCTGTACGAGCACAGGGACATCGACCAGAAGAAGCTCCGGAAGCTGATCCTC   
P   Q   G  L  Y  E   H   R   D   I   D   Q   K   K  L   R   K   L   I   L 
GAGGCCAAGCTCGCGCCGTGCTACATGGGCGCCGACGACGCCGCCGCCGCCGCCGACCTC 
E   A   K   L  A   P   C   Y  M  G   A   D  D  A   A   A  A   A   D  L 
GAGGAGTGCCCCATCTGCTTCCTGTACTACCCAAGTCTTAACCGATCAAAGTGTTGCTCA 
E   E   C   P   I   C  F   L  Y  Y   P   S   L  N   R  S   K   C   C   S 
AAAGGGATATGCACCGAGTGCTTTCTCCAAATGAAACCAACTCACACTGCTCAGCCTACA 
K   G   I   C  T   E   C   F  L   Q  M  K   P   T   H   T   A  Q   P   T 
CAATGTCCATTCTGCAAA
↓
CTCCCAGTTATGCTGTGGAGTATCGTGGTGTAAAGACAAAGG 
Q   C  P   F  C   K    L   P   V  M   L   W  S   I   V   V   * 
AGGAAAGGAGCATAGAACAATTTGAAGAGCAGAAAGTCTAGAAGCACAAATGAGGATGCGCC
AGCAAGCACTTCAAGATGAAGAAGATAAGATGAAAAGAAAACAGAACAGGTGCTCTTCTAGCA
GAACAATCACACCGACCAAAGAAGTGGAGTATAGAGATATTTGCAGCACATCCTTTTCAGTGCC
GTCATACCGATGTGCTGAGCAAGAAACTGAATGCTGTTCATCGGAACCTTCATGCTCTGCCCAG
ACTAGCATGCGCCCTTTCCATTCTAGGCATAACCGTGATGATAACATTGACATGAATATAGAGG
ATATGATGGTTATGGAAGCGATTTGGCGTTCCATTCAGGAGCAGGGAAGTATAGGGAATCCTGT
CTGTGGCAACTTTATGCCTGTAACTGAGCCATCTCCGCGTGAACCCAGCCATTCGTTCCAGCTGC
TTCTCTAGAAATACCTCATGGTGGTGGATTTTCCTGTGCGGTTGCGGCAATGGCTGAGCACCAG
CCACCCAGTATGGACTTCTCTTACATGGCTGGCAGCAGCGCATTCCCAGTTTTCGACATGTTCCG
GCGACCATGCAACATTGCTGGTGGAAGCATGTGTAATCTGGAGAGCTCACCGGAGAGCTGGAG
CGGGATAGCACCAAGCTGCAGCAGGGAAGTGGTAAGAGAAGAAGGAGAGTGCTCGGCTGACC
ACTGGTCGGAGGGTGCAGAGGCCGGAACAAGCTACGCGGGCTCAGACATCGTGGCAGATGCCG
GGACCATGCCGCAGCTGCCTTTCGCCGAGAACTTCGCCATGGCGCCAAGCCACTTCCGCCCGGA
GAGCATCGAAGAACAGATGATGTTTTCCATGGCTCTTTCTTTAGCAGATGGTCATGGAAGAACA
CACTCGCAAGGGTTGGCATGGTTGTAG 
Fig. 2. Sequences of the GW2 coding protein domain function prediction in TD70 and Kasalath. 
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AA residues.  
The GW2-encoded proteins in both TD70 and 
Kasalath contained a RING-type zinc finger domain 
and exhibited an E3 ubiquitin ligase activity, although 
the protein in TD70 was only partially expressed for 
115 AAs (Fig. 2). 
Functional marker design of GW2 gene 
Multiple differences were detected between the GW2 
sequences in TD70 and Kasalath. These differences 
included the critical A-deletion at the 316th position. 
A dCAPS marker was designed on the basis of this 
deletion. The following primers were used: 
GW2SNP2-F1, CTACACAATGTCCATTCTGCAAAT; 
GW2SNP2-R1, CCACGATACTCCACAGCATAACT. 
The sequence in Kasalath can be amplified by the 
above primers for only 51 bp, whereas that in TD70 
can be specifically cleaved into two fragments, 21 and 
30 bp, by the restriction endonuclease ApoI (Fig. 3). 
Phenotype of grain size in TD70, Kasalath and RILs 
The 1000-grain weight, grain length, width and 
thickness in TD70, Kasalath and RILs were 
investigated during 2012 to 2013. These phenotypic 
traits are listed in Table 1. However, these traits varied 
because of factors such as cultivation, light and 
temperature, especially plumpness and 1000-grain 
weight in TD70. The 1000-grain weights of TD70 
were 65 and 61 g in 2012 and 2013, respectively. By 
contrast, variations in grain length, width and 
thickness remained minimal. The mean values of grain 
length, width and thickness were 13.35 and 8.06 mm, 
4.36 and 2.48 mm, and 63.00 and 17.60 g for TD70 
and Kasalath, respectively. For the RIL population, the 
mean values of grain width and 1000-grain weight in 
2012 and 2013 were 3.12 mm and 29.82 g, 
respectively. Both of these values in the RIL 
population were between the parental materials. 
Therefore, these values significantly differed from the 
grain sizes of TD70 and Kasalath.  
GW2 genotype and phenotype of different lines  
The molecular marker of GW2 was used to detect the 
distribution of GW2 in the RIL population derived 
from TD70 and Kasalath. Results showed that in the 
240 RILs, 82 lines contained GW2TD70 and 158 
contained GW2Kasalath. Corresponding phenotypes of 
these RILs were investigated (Table 2). The mean 
grain widths of lines containing GW2TD70 were (3.43 ± 
0.33) and (3.44 ± 0.33) mm in 2012 and 2013, 
respectively. In addition, the mean grain widths of 
lines containing GW2Kasalath were (2.96 ± 0.26) and 
(2.93 ± 0.25) mm, respectively. Furthermore, the 
mean 1000-grain weight of RILs containing GW2TD70 
was 5.54 to 6.05 g heavier than those containing 
GW2Kasalath. This result further indicated that the 
expression of GW2 is important for grain width and 
weight in all the lines. 
DISCUSSION 
Diversity of GW2 homologous genes on grain 
The GW2 gene of rice reportedly increases grain width, 
weight, yield and accelerates filling process (Bai et al, 
2012; Dixit et al, 2013; Lu et al, 2013). However, 
AtGW2, the homologous gene of OsGW2 in 
Arabidopsis thaliana, encodes a RING-C2 E3 
Table 1. Mean values of grain traits in recombinant inbred lines 
(RILs) and their parents in two years. 
Type Year KGW (g) GL (mm) GW (mm) GT (mm) 
TD70 2012 65.00 ± 2.35 13.40 ± 0.08 4.42 ± 0.25 2.99 ± 0.05 
2013 61.00 ± 2.04 13.29 ± 0.15 4.29 ± 0.05 2.93 ± 0.15 
Kasalath 2012 17.40 ± 0.66  8.04 ± 0.26 2.48 ± 0.07 1.84 ± 0.08 
2013 17.80 ± 0.53  8.07 ± 0.09 2.48 ± 0.04 1.90 ± 0.01 
RIL 2012 31.20 ± 7.18  9.83 ± 1.24 3.12 ± 0.36 2.11 ± 0.16 
2013 28.43 ± 6.46  9.68 ± 1.22 3.11 ± 0.37 2.17 ± 0.18 
KGW, 1000-grain weight; GL, Grain length; GW, Grain width; 
GT, Grain thickness. 
Table 2. Grain phenotype of lines with different GW2 genotype in 
recombinant inbred lines (RILs). 
Genotype Year 
No. of 
RILs 
KGW (g) GL (mm) GW (mm) GT (mm) 
GW2TD70 2012 82 35.18 ± 7.28 9.96 ± 1.26 3.43 ± 0.33 2.23 ± 0.14 
 2013 82 32.08 ± 6.16 9.82 ± 1.21 3.44 ± 0.33 2.32 ± 0.15 
GW2Kasalath 2012 158 29.13 ± 6.22 9.77 ± 1.23 2.96 ± 0.26 2.04 ± 0.12 
 2013 158 26.54 ± 5.78 9.61 ± 1.22 2.93 ± 0.25 2.10 ± 0.14 
KGW, 1000-grain weight; GL, Grain length; GW, Grain width; 
GT, Grain thickness. 
Fig. 3. PCR amplification of GW2 with its functional marker in 
TD70, Kasalath and parts of recombinant inbred lines (RILs).  
M, 50 bp Marker; T, TD70; K, Kasalath; Lanes 1–4, Parts of RILs. 
51 bp 
30 bp 
21 bp 
50 bp 
M   T   K   1   2   3   4 
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ubiquitin ligase composed of 401 AAs, which 
negatively regulates its grain size and weight (Jiang et 
al, 2011). TaGW2, another homologous gene of 
OsGW2 in wheat, does not cause variations in grain 
size. However, two single nucleotide polymorphisms 
in the promoter region of TaGW2 influence changes in 
grain width and weight in wheat, and quantitative 
real-time PCR showed that these grain size variations 
are regulated by different expression levels of TaGW2 
(Su et al, 2011). HvGW2 in barley is highly 
homologous to the GW2 of other plants, especially to 
that of wheat. Sequence analysis revealed that two 
types of retrotransposons inserted at the 6th intron were 
critical to the change in transcription level by increasing 
gene length. This effect makes GW2 in barley 11.5 kb 
longer than others (Guo et al, 2013). ZmGW2 in maize 
contains a RING-finger domain and involves an E3 
ligase-related biological reaction, but its expression 
level is negatively related to the yield. ZmGW2 has 
multiple functions under stress conditions and in the 
developmental process (Li et al, 2010; Liu et al, 2013). 
The mechanism of this regulation differs from the 
single nucleotide mutation in rice. In summary, the 
mechanisms of GW2 in regulating grain size vary 
among barley, wheat, maize, Arabidopsis and rice.  
GW2 gene function in extreme materials 
A relatively high homology was found between the 
cloned GW2 from TD70 and WY3. Both proteins have 
a T-to-C inversion at the 114th position with no AA 
functional change and premature termination at the 
346th position. This description indicates that GW2 in 
TD70 has the same function as that in WY3 (Song et al, 
2007). Despite the premature termination of protein 
sequence, the truncated part contains the complete 
RING-type zinc finger domain. The loss of domain 
after the termination inactivates the protein because of 
the absence of substrates. Therefore, GW2TD70 increases 
grain width and weight in TD70.  
Effect and application potential of GW2 
The cloned grain gene GS3, which controls grain 
length in most indica varieties, has a relatively high 
breeding value (Takano-Kai et al, 2009, 2011; Wang 
et al, 2011). Original rice materials with functional 
GW2 gene have been rarely identified; thus, this gene 
is rarely reported and characterized (Song et al, 2007). 
The present study proved that GW2TD70 exerted strong 
favorable effects on the RIL population derived from 
cross between TD70 and Kasalath. This gene is also 
crucial in determining grain width and grain weight; 
thus, the GW2 gene of TD70 is valuable in breeding.  
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